This study investigated the bonding effectiveness of newly designed self-etching adhesives to four types of adherends -enamel, dentin, zirconia, and gold (Au) alloy. Five experimental adhesives were prepared, which contained 3.0-5.0 wt% 6-methacryloyloxyhexyl phosphonoacetate (6-MHPA) or 6-methacryloyloxyhexyl 3-phosphonopropionate (6-MHPP), 3.0 wt% 4-acryloyloxyethoxycarbonylphthalic acid (4-AET) or 17.0 wt% 4-methacryloyloxyethoxycarbonylphthalic acid (4-MET), 0-0.5 wt% 6-methacryloyloxyhexyl 6,8-dithiooctanoate (6-MHDT) or 10-methacryloyloxydecyl 6,8-dithiooctanoate (10-MDDT), and varying contents of Bis-GMA, dimethacrylate monomers, water, acetone, and a photoinitiator system. After 2,000 times of thermal cycling, shear bond strengths (SBSs) between a resin composite (Beautifil II, Shofu Inc., Japan) and the four adherends, bonded using the experimental adhesives, were measured at 1.0 mm/min. No statistically significant differences in SBS for bonding to ground enamel, dentin, sandblasted zirconia and Au alloy (p>0.05) were found between experimental adhesives which contained 6-MHPA and/or 6-MHPP, 4-MET or 4-AET, 6-MHDT and/or 10-MDDT, Bis-GMA, and dimethacrylates. An adhesive layer of less than 5.0 µm thickness, by scanning electron microscopy observation, revealed strong adhesion to the four adherends. Therefore, the newly designed multi-purpose, self-etching adhesive strongly adhered to all the four adherend materials tested.
INTRODUCTION
In today's dentistry, one high-priority consideration in the design of dental adhesives is a convenient product that is fast, easy to use, and which provides good adhesion to a multitude of adherend materials. These expectations fuel the demand for and ongoing development of multi-purpose, single-bottle primers or adhesives that promote good bonding to a wide spectrum of adherend materials: dental hard tissues, dental ceramics, dental precious metal alloys, and dental non-precious metals 1) . Research and innovative works in synthetic organic chemistry have seen the development of two categories of adhesion-promoting monomers (adhesive monomers): acidic adhesive monomers and sulfur-containing monomers. The former contains acidic groups such as carboxylic acid or its anhydride, phosphoric acid or phosphonic acid, while the latter contains a sulfur atomContaining group in their structures.
For bonding directly to smear layer-covered dentin, two-step -and more recently, one-step-self-etching adhesive systems were introduced to provide micromechanical retention in dental hard tissues without the use of a separate acid-etching step [2] [3] [4] . The elimination of separate acid-etching and rinsing steps further associates these self-etching adhesive systems with the benefit of minimal post-operative sensitivity 5, 6) . For these self-etching primers and adhesives, acidic adhesive monomers interact chemically as ligand monomers with hydroxyapatite in dental hard tissues [7] [8] [9] . For bonding to non-precious metals and dental ceramics, acidic adhesive monomers also interact with metal oxides on the surfaces of non-precious metals 10) and with alumina-based and zirconia-based ceramics 11) . However, bonding of acidic adhesive monomers to precious metals and alloys has been characterized by low bond strengths due to poor water resistance of the adhesive systems 12) and chemical inertness of precious metals and alloys 13) . Over the past decade, efforts to improve the bonding technology of dental adhesives to precious metals and alloys have seen the development of sulfur-containing adhesive monomers, which are able to chemically interact with metal atoms on the surfaces of precious metals [14] [15] [16] . This phenomenon is attributed to the chemical adsorption of organic sulfur compounds on precious metal surfaces and formation of monolayer films by the spontaneous assembly of organic thiol-like molecules 17, 18) . Our research work has focused on developing a multi-purpose, single-bottle, self-etching adhesive for bonding to the wide range of adherend materials that coexist in the oral environment. It should also meet essential user requirements in dental practice, such as excellent handling properties and reductions in both operation time and technical errors. In our previous studies, we have developed acidic adhesive monomers bearing carboxylic acid (-COOH) or its anhydride group 19, 20) and phosphonic acid group 10, 21) . Eight kinds of acryloyloxyalkyl and methacryloyloxyalkyl 6,8-dithiooctanoates (dithiooctanoate monomers) as novel sulfur-containing monomers bearing cyclic disulfide (-S-S-) moiety were also developed 22) . When compared with conventional sulfur-containing monomers, these novel dithiooctanoate monomers exhibited excellent bonding to precious metals and alloys 23) . Experimental multi-purpose, single-bottle, self-etching adhesives which contained both acidic adhesive monomers and dithiooctanoate monomers were prepared in this study. The aim of the present study was to investigate the effect of these novel adhesives on bonding of a light-curing resin composite to ground enamel and dentin, and sandblasted zirconia and gold alloy, after 2,000 times of thermal cycling. The null hypothesis tested was that the newly designed multipurpose, self-etching adhesive would not result in improved bond strength between resin composite and the all adherends tested. Figure 1 depicts the chemical structures of acidic and dithiooctanoate adhesive monomers used in this study.
MATERIALS AND METHODS

Preparation of reagents
For acidic adhesive monomers, namely 6-methacryloyloxyhexyl phosphonoacetate (6-MHPA) 21 ) , 6-methacryloyloxyhexyl 3-phosphonopropionate (6-MHPP) 10) , 4-methacryloyloxyethoxycarbonylphthalic acid (4-MET) 19) , and 4-acryloyloxyethoxycarbonylphthalic acid (4-AET) 20) , they were synthesized using methods as previously reported. Two dithiooctanoate monomers, 6-methacryloyloxyhexyl 6,8-dithiooctanoate (6-MHDT) and 10-methacryloyloxydecyl 6,8-dithiooctanoate (10-MDDT), were synthesized via an esterification reaction between 6,8-dithiooctanoic acid and 6-hydroxyhexyl methacrylate or 10-hydroxydecyl methacrylate respectively as previously reported 22) . A viscous monomer, 2,2-bis[4-(2-hydroxy-3-methacryloyloxy-propoxy)-phenyl]propane (Bis-GMA) 24) , was synthesized by adding bisphenol A to glycidyl methacrylate in 1:2 molar ratio as previously reported. Low-viscosity monomers ethylene glycol dimethacrylate and triethylene glycol dimethacrylate (EGDMA and TEGDMA; Mitsubishi Rayon Co., Ltd., Tokyo, Japan), and photoinitiators d,l-camphorquinone (CQ; Tokyo Chemical Industry Co. Ltd., Tokyo, Japan) and ethyl p-dimethylaminobenzoate (EDAB; Wako Pure Chemical Industries, Ltd., Osaka, Japan), were purchased and used without further purification. Table 1 presents the compositions of five experimental adhesives. They were prepared by mixing varying contents of acidic adhesive monomers (6-MHPA, 6-MHPP, 4-MET, 4-AET), dithiooctanoate monomers (6-MHDT, 10-MDDT), dimethacrylates (Bis-GMA, EGDMA, TEGDMA), a photoinitiator system (CQ, EDAB), water, and acetone according to the ratios listed in Table 1 . All ingredients for each experimental adhesive were mixed for 6-11 hours at room temperature. All prepared adhesives (5.0 g per bottle) were placed in black plastic bottles. The naming convention was as follows: "P" stood for 6-MHPA, "M" stood for 4-MET, "A" stood for 4-AET, "SS" stood for cyclic disulfide compound, and "D" stood for Bis-GMA (dimethacrylate). For example, the code name P-M-SS-D indicated a combination of 6-MHPA, 4-MET, 10-MDDT, and Bis-GMA, while the code name P-A-SS-D indicated a combination of 6-MHPA, 6-MHPP, 4-AET, 6-MHDT, 10-MDDT, and Bis-GMA. For P-A-SS-D adhesive, the pH value of the mixed solution was adjusted to 3.0 with 1 mol/L NaOH solution as a titrant. The pH value at room temperature was determined using a digital pH meter (Model 501, Orion Research Inc., Beverly, MA, USA). Two control adhesives were prepared. They were coded as P-M (a combination of 6-MHPA and 4-MET) and P-M-D (a combination of 6-MHPA, 4-MET, and Bis-GMA).
Preparation of experimental self-etching adhesives
Preparation of ceramic and metal adherends
The ceramic adherend used was zirconia (zirconium oxide plate; ZrO 2 containing 3 mol% Y2O3; Japan Fine Ceramics Co., Ltd., Sendai, Japan). The metal adherend used was Au alloy (Super Gold Type 4, Shofu Inc., Kyoto, Japan), which was cast using a casting machine (Shofu Argon Caster, Shofu Inc., Kyoto, Japan). Disk-shaped rods (6.0±0.1 mm diameter, 4.0±0.1 mm height) of zirconia and Au alloy adherends were embedded in an epoxy resin.
Shear bond strength (SBS) measurement
Due to the large number of teeth required, freshly extracted bovine incisors were used as substitutes for human specimens 25) in this study. The bovine teeth with their roots cut off were embedded in epoxy resin, ground with #600 silicon carbide (SiC) abrasive paper under running water until enamel or dentin was visibly exposed, and then air-dried (ground enamel or dentin).
For both ceramic and metal disk rods embedded in epoxy resin, the exposed flat ends of the rods were polished -under running water-using #240 and #600 SiC papers to obtain smooth and flat bonding surfaces. The flat polished surfaces were subjected to air abrasion treatment (50-µm alumina beads; Shofu Hi-alumina, Shofu Inc., Kyoto, Japan) under a pressure of 0.25 MPa, ultrasonic-cleaned, and then air-dried.
After drying, double-faced adhesive tape with a 4.0-mm-diameter hole was fixed on the bonding surface of each adherend to define the bonding area.
An experimental adhesive was applied on the bonding area with a microbrush, air-blown, and then light-cured with a visible light apparatus (Grip Light II, Shofu Inc., Kyoto, Japan) for 20 seconds. A cylindrical Teflon mold (4.0 mm inner diameter, 2.0 mm height) was fixed on the bonding area, and a light-curing resin composite (Beautifil II, Shofu Inc., Kyoto, Japan) was packed into the mold and light-cured for 30 seconds. After the mold was removed, the bonded specimens were immersed in distilled water at 37°C for 24 hours.
After water storage, the bonded specimens (n=8 in each group) were subjected to 2,000 times of thermal cycling whereby they were alternately immersed in 4 and 60°C water for 1 minute each. SBS measurements were made with a universal testing machine (Model 5543, Instron Corp., Norwood, MA, USA) at a crosshead speed of 1.0 mm/min.
Failure modes after debonding
After SBS testing, the debonded surfaces of specimens were examined using a stereomicroscope (Leica DM IL, Leica Microsystems Japan, Tokyo, Japan) at ×20 magnification. The failure modes were classified as follows: Interfacial failure "I", defined as the fracture which occurred at the bonded interface between adhesive and adherend; Cohesive failure "C1", defined as the cohesive fracture in adhesive resin; Cohesive failure "C2", defined as the cohesive fracture in adherend; and Mixed failure "M", defined as the failure mode in which both interfacial and cohesive failures coexisted on the debonded surface.
After examining all the debonded surfaces, the failure modes of specimens in each group were identified as I/M/C1/C2 (=Interfacial failure/Mixed failure/Cohesive failure in adhesive resin/Cohesive failure in adherend) and numbered accordingly.
Statistical analysis
Statistical analysis was performed for the SBS data of all the five experimental primers. One-way analysis of variance (ANOVA) was performed to determine the existence of significant differences in SBS among the different types of experimental primers for each adherend. Statistical significance was set in advance at 0.05 probability level.
Multiple comparisons were performed using Student-Newman-Keuls test at =0.05.
Scanning electron microscopy (SEM) observation 1. Resin-enamel interface A freshly extracted bovine incisor with its root cut off was flat-ground using #600 SiC abrasive paper until enamel was visibly exposed (ground enamel). Experimental adhesive P-A-SS-D was applied on the ground enamel surface. Next, resin composite was applied and light-cured as described above. Bonded specimen was vertically fractured at the resin-enamel Table 1 Compositions of experimental adhesives interface. Fractured surfaces were cleaned ultrasonically, dried, and coated with gold by an ion coater (JEC-1100, Jeol Co., Ltd., Tokyo, Japan) for observation using an SEM (S-700, Hitachi Co., Ltd., Tokyo, Japan). 2. Resin-dentin interface A freshly extracted bovine incisor with its root cut off was flat-ground using #600 SiC abrasive paper until dentin was visibly exposed (ground dentin). Bonded specimen of adhesive P-A-SS-D to ground dentin was prepared and then vertically fractured at the bonding interface. SEM observation of resin-dentin interface was carried out as described above.
3. Resin-zirconia and resin-Au alloy interfaces Flat, polished surfaces of zirconia and Au alloy were subjected to air abrasion treatment (50-µm alumina beads; Shofu Hi-alumina, Shofu Inc., Kyoto, Japan) under a pressure of 0.25 MPa, ultrasonic-cleaned, and then air-dried to obtain the bonding surfaces. After drying, adhesive P-A-SS-D was applied on the sandblasted surfaces of zirconia and Au alloy adherends with a microbrush and air-blown. Light-curing was carried out using a visible light apparatus (Grip Light II, Shofu Inc., Kyoto, Japan) for 20 seconds. A light-curing resin composite (Beautifil II, Shofu Inc., Kyoto, Japan) was applied on the surface and light-cured for 30 seconds. Bonded specimens of resin-zirconia and resin-Au alloy were vertically ground at the resin-adherend bonded interface with #600 SiC abrasive paper. After coating with gold using the ion coater (JEC-1100, Jeol Co., Ltd.), SEM observation of the resin-zirconia or resin-Au alloy bonded interface was carried out as described above. Table 2 presents the effects of five experimental self-etching adhesives (coded P-M, P-M-D, P-M-SS, P-M-SS-D, and P-A-SS-D) on the SBS of a light-curing resin composite to unetched-ground enamel and dentin, and sandblasted zirconia and Au alloy, after 2,000 thermal cycles. Experimental adhesives which contained either one or both phosphonic acid monomers (6-MHPA or both 6-MHPA and 6-MHPP) and a trimellitic acid-type monomer (4-MET or 4-AET) provided good adhesion to enamel, dentin, and zirconia. Evidently, adhesives P-M and P-M-D, which contained 6-MHPA and 4-MET but none of the dithiooctanoate monomers (6-MHDT or 10-MDDT), exhibited poor adhesion to Au alloy (fallen off).
RESULTS
Shear bond strength
Adhesive P-M-SS contained 6-MHPA, 4-MET, and 10-MDDT. It strongly adhered to Au alloy as well as enamel and dentin. Interestingly, both P-M and P-M-SS -which contained adhesive monomers but none of the dimethacrylate monomers (Bis-GMA, EGDMA and TEGDMA)-exhibited good bond strength for enamel, Table 2 Shear bond strengths of experimental self-etching adhesives after 2,000 thermal cycles # : Number of resin composite specimens which had fallen off from adherends during thermal cycling. dentin, and zirconia. Adhesives P-M-SS, P-M-SS-D, and P-A-SS-D contained varying contents of 10-MDDT and 6-MHDT. No statistically significant differences in SBS (p>0.05) were found among these three adhesives to all the adherends, except for bonding to zirconia. When compared against P-M and P-M-D for bonding to Au alloy, these three adhesives provided high mean SBSs to Au alloy.
On bonding to zirconia, adhesives P-M-SS-D and P-A-SS-D exhibited significantly higher SBSs than those by P-M, P-M-D, and P-M-SS (p<0. Adhesive P-M-SS-D contained Bis-GMA and TEGDMA, but P-M-SS did not. As seen in Table 2 , there was a significant difference in SBS (p<0.05) between P-M-SS-D and P-M-SS on bonding to zirconia.
On the overall, SBS data to all the four adherends revealed the following tendency: P-M-D>P-M and P-M-SS-D>P-M-SS. Table 3 presents the failure mode distribution of the fractured surfaces of specimens after SBS testing. For the bonding of P-M and P-M-D to enamel, dentin, and zirconia, it was mostly interfacial failures and mixed failures, with a few cohesive failures in adhesive. Both adhesives showed no bonding ability to Au alloy, as the resin composite fell off during thermal cycling. With adhesives P-M-SS-D and P-A-SS-D, it was mostly mixed failures and cohesive failures in adhesive, although some cohesive failures in dentin were observed. These results showed that newly designed multi-purpose, self-etching adhesives P-M-SS-D and P-A-SS-D could deliver stable and strong bond strengths to the all adherends tested after 2,000 times of thermal cycling, with mixed failures and cohesive failures in adhesive being the predominant failure modes. Figures 2 and 3 show the SEM micrographs of the fractured surfaces at resin-enamel and resin-dentin interfaces respectively, bonded using experimental adhesive P-A-SS-D. A thin adhesive layer (5.0-8.0 µm thickness) could be seen between the composite resin (CR: upper layer) and enamel or dentin substrate (lower part) in both low (a: ×2,000) and high (b: ×5,000) magnifications. Adhesive P-A-SS-D appeared to adhere strongly to ground and smear layer-covered enamel and dentin. At ×5,000 magnification, no resin tags were seen to form around the enamel prism (Fig. 2) . At resin-dentin interface (Fig. 3) , no resin tags were formed in dentinal tubules but the formation of a hybrid layer was revealed. Figures 4 and 5 show the SEM micrographs of the ground surfaces at resin-zirconia and resin-Au alloy interfaces respectively, bonded using the adhesive P-A-SS-D. A very thin and slightly indistinct adhesive layer (A: black line) with thickness less than 5.0 µm could be seen between the composite resin (CR: upper layer) and sandblasted zirconia or Au alloy (lower part) in both low (a: ×2,000) and high (b: ×5,000) magnifications.
Failure modes
SEM observation
Thickness of the adhesive layer in both Figs. 4 and 5 was thinner than that in Figs. 2 and 3 . Based on the SEM micrographs, the newly designed multi-purpose, self-etching adhesive P-A-SS-D was found to strongly adhere to ground enamel and dentin, and sandblasted zirconia and Au alloy.
DISCUSSION
Outstanding characteristics of adhesive monomers are attributed to their abilities of chemical interaction with the substrate. Acidic adhesive monomers promote adhesion to enamel/dentin because of their chemical interaction with hydroxyapatite in dental hard tissues [7] [8] [9] ; similarly, sulfur-containing monomers promote adhesion to precious metals and alloys because of their chemical interaction with metal atoms on the surfaces of precious metals [14] [15] [16] . Based on this principle, four kinds of acidic adhesive monomers (6-MHPA, 6-MHPP, 4-MET, and 4-AET) and two sulfur-containing adhesive monomers (6-MHDT and 10-MDDT) were selected to prepare multipurpose, self-etching adhesives in this study and their bonding effectiveness to enamel, dentin, zirconia, and Au alloy was investigated. Results showed that experimental adhesives P-M-SS-D and P-A-SS-D -which contained 6-MHPP and/or 6-MHPA, 4-MET or 4-AET, 10-MDDT and/or 6-MHDT, Bis-GMA, and dimethacrylatesexhibited stable and strong bonding to all the adherends tested after 2,000 thermal cycles.
For acidic monomers, the ongoing challenge is to develop monomers with stronger chemical bonding potential to hydroxyapatite in both enamel and dentin to further improve their bonding performance 26) . To this end, novel phosphonic acid monomers (6-MHPA and 6-MHPP) were developed 27) . They are water-soluble monomers which can be partially or completely ionized with a small amount of water. Hence, even if they were formulated in low concentrations (below 10 wt%) in self-etching primers and adhesives without the use of 2-hydroxyethyl methacrylate (HEMA) 27) , they were able to achieve sufficient demineralization of dental hard tissues -despite the typical use of HEMA and up to 50 wt% of conventional adhesive monomers in commercial self-etching primers 28) . In our recent study 29) , the pH value of a HEMA-free, single-bottle, self-etching adhesive containing 6-MHPA and 4-AET was adjusted to pH=3.0 using 1 mol/L NaOH. After storage in air at 50°C for 6 weeks, there was no statistically significant degradation in SBS to both unetched-ground enamel and dentin (p>0.05). Based on the conclusion that the stability of a self-etching adhesive was influenced by its pH value 29) , the pH value of experimental adhesive P-A-SS-D in this study was controlled at pH=3.0 using 1 mol/L NaOH to ensure formulation stability. On bonding to enamel, it was found in a study that self-etching adhesives delivered lower bond strengths to unground enamel than with phosphoric acid etching 30) . In this study, however, failure mode analysis revealed that a combination of phosphonic acid monomers (6-MHPA, 6-MHPP) and a COOH-containing monomer (4-MET, 4-AET) in adhesives P-M-SS-D and P-A-SS-D delivered strong bonding to both smear layer-covered ground enamel and dentin.
Comparison of bond strengths further confirmed that P-A-SS-D (SBS to enamel: 20.5 MPa; SBS to dentin: 20.8 MPa) delivered a bonding performance comparable to that of a singlebottle self-etching adhesive (SBS to enamel: 18.8 MPa; SBS to dentin: 20.0 MPa) reported in our previous study 29) .
Bond strength results of this study, P-M-D>P-M and P-M-SS-D>P-M-SS, also revealed that dimethacrylate monomers had a considerably significant effect on the bonding performance of single-bottle, self-etching adhesives. Although Bis-GMA and the dimethacrylates did not interact with the adherends tested in this study, they contributed to increasing the cohesive forces or mechanical properties of the cured adhesive layer. In contrast, a number of compromises have to be made when self-etching primers were simplified into singlebottle formulations 31) , which usually contained acidic adhesive monomers together with water and watersoluble monomers bearing OH-group, such as HEMA.
Currently, most single-bottle, self-etching adhesives contain HEMA which is frequently added to improve bonding with dentin. However, HEMA also presents several drawbacks. A recent study 32) which investigated the in vitro durability of five commercially available, single-bottle, self-etching adhesives showed that their microtensile bond strengths to dentin significantly decreased (p<0.05) after 100 days of water storage. The hydrophilic character of HEMA caused it to retain water within the adhesive layer, thereby weakening the mechanical strength of the adhesive 33) . Another study 34) showed that 70% of HEMA was hydrolyzed in aqueous acidic solution within a week at 37°C. Coupled with low polymerization reactivity, the high water absorbency of HEMA resulted in weak mechanical properties of the adhesive, and thereby poor bonding durability to teeth. Apart from dentin bonding durability concern 31) , HEMA also produced adverse biological effects in that it caused sensitized delayed allergic reactions 35) . In light of these disadvantages and concerns, all the experimental singlebottle, self-etching adhesives in this study were prepared HEMA-free.
Since P-A-SS-D was HEMA-free, it had no vulnerabilities derived from HEMA; P-A-SS-D was thus expected to exhibit high physical properties with good bonding durability. Micromorphological investigation, by SEM observation, of the resin-adherend interfaces bonded by adhesive P-A-SS-D (Figs. 2-5 ) revealed adhesive layer thickness of 5.0-8.0 µm on enamel and dentin, but below 5.0 µm on zirconia and Au alloy. Reason for this morphological difference is still unknown, but it was suggested that adhesive layer thickness was greatly influenced by the substrate, namely enamel and dentin versus zirconia and Au alloy in this study. At resin-dentin interface, there was neither the formation of a distinct hybrid layer nor resin tag formation in the dentinal tubules. It is now well accepted that the formation of a hybrid layer or interdiffusion zone at the resin-dentin interface provides good adhesion with the tooth substrate.
Resin monomers penetrate the demineralized dentin and polymerize in situ in the decalcified collagen layer to form a hybrid layer 36) . Owing to the absence of a continuous hybrid layer, a reduction in bond strength might be expected. On the other hand, regions of incomplete resin penetration in the hybrid layer lead to nanoleakage, which consequently leads to reduced bond strength 37, 38) . Despite the absence of a distinct hybrid layer, it was suggested that adhesive P-A-SS-D might have created a very thin hybrid layer, as in the case of conventional two-step self-etching primers.
The bonding mechanism of P-A-SS-D to dentin is further hypothesized as follows. When ionized acidic 6-MHPA, 6-MHPP, and 4-AET monomers -bearing phosphonic acid group [-P(=O)(OH)2] or carboxyl group -penetrated the dentin substrate, they interacted chemically as ligand monomers with Ca 2+ ions of hydroxyapatite to form calcium salts [8] [9] [10] . After air-blowing to remove water and solvent content, light irradiation was carried out to activate in situ photopolymerization of infiltrated monomers at the resin-dentin interface, thereby achieving good adhesion. Based on the SBS and SEM results obtained for P-M-SS-D and P-A-SS-D in this study, phosphonic acid monomers (6-MHPA, 6-MHPP) and trimellitic acid monomers (4-AET, 4-MET) emerged as one of the most reliable combinations for effective adhesion to both ground enamel and dentin 29) . On bonding to zirconia, it was reported that after yttrium-oxide-partially-stabilized zirconia (YPSZ) ceramic was silica-coated by tribochemical modification, a combined application of a hydrophobic phosphate monomer, 10-methacryloyloxydecyl dihydrogen phosphate (MDP), with a silane coupling agent on the silica-coated YPSZ ceramic yielded stable SBS, thus rendering this system as a promising method for ceramic restorations in clinical settings 39) . A recent study 40) also reported that an MDP-containing commercial metal primer (Alloy Primer, Kuraray Medical Inc., Tokyo, Japan) was effective in providing durable bonding between a tri-n-butylborane (TBB)-initiated acrylic resin and a commercial zirconia-based ceramic (Katana, Noritake Dental Supply Co., Ltd., Aichi, Japan). Apart from MDP monomer, it was reported in another study that a commercial metal primer (AZ Primer, Shofu Inc., Kyoto, Japan) which contained the phosphonic acid monomer, 6-MHPA, was effective in providing strong bonding between a dual-cure luting cement, ResiCem (Shofu Inc., Kyoto, Japan), and alumina-and zirconiabased all-ceramic prostheses 41) .
Investigation of the effects of 6-MHPA or 6-MHPP on bonding to zirconia in this study showed that P-M-SS-D and P-A-SS-D yielded significantly higher SBSs (p<0.05) than the other three experimental adhesives: 24.5 (4.2) MPa for P-M-SS-D, 25.2 (5.2) MPa for P-A-SS-D, 12.0 (2.2) MPa for P-M, 16.4 (3.2) MPa for P-M-D, and 13.8 (2.6) MPa for P-M-SS. The effective bonding to zirconia was thought to be due to the good chemical interaction between the phosphonic acidic group of 6-MHPA or 6-MHPP [-P(=O)(OH)2] and metal oxides on the surface of zirconia 11) . On bonding to precious metal alloys, this study investigated the effects of three experimental adhesives (P-M-SS, P-M-SS-D, and P-A-SS-D) which contained sulfur-containing monomers, 10-MDDT or 6-MHDT. No significant differences (p>0.05) were found among P-M-SS, P-M-SS-D, and P-A-SS-D in their mean SBSs to Au alloy [20.2 (4.9)-30.3 (6.6) MPa]. Both 10-MDDT and 6-MHPA were formulated in Metal Link Primer (M.L. Primer, Shofu Inc., Kyoto, Japan), which was commercially launched in 2003. In a study by Okuya et al. 42) , the effects of three commercial metal primers (including M.L. Primer) on bonding of methyl methacrylate (MMA)-polymethyl methacrylate (PMMA) (MMA-PMMA)/TBBO resin to four pure metals and two dental alloys after 2,000 thermal cycles were investigated. It was reported that the highest SBS values achieved for pure Au and high-gold-content alloy were 33.5 MPa and 33.3 MPa with M.L. Primer 42) . Despite the differences in bond testing methodology, P-A-SS-D exhibited comparable bonding ability in this study for Au alloy (30.3 MPa) when compared to that of 33.3 MPa as reported by Okuya et al. 42) . SEM micrographs of the resin-adherend interfaces also revealed that adhesive P-A-SS-D strongly adhered to both zirconia and Au alloy. Based on the SBS and SEM results obtained for P-A-SS-D in this study, it was suggested that a combination of acidic adhesive monomers and dithiooctanoate monomers produced effective bonding to both zirconia and Au alloy. Similar to a study by Koizumi et al. 43) , the phosphonic acid monomers (6-MHPA and 6-MHPP) and dithiooctanoate monomers (6-MHDT and 10-MDDT) interacted independently and respectively with zirconia and Au alloy.
This study confirmed that acidic adhesive monomers and dithiooctanoate adhesive monomers were must-have ingredients in the design of a HEMA-free, multi-purpose, single-bottle, self-etching adhesive. Therefore, P-M-SS-D and P-A-SS-D -which contained a combination of acidic adhesive monomers (6-MHPA, 6-MHPP, 4-MET or 4-AET) and dithiooctanoate adhesive monomers (6-MHDT and 10-MDDT)-exhibited high bond strengths to all the adherends tested. Based on the findings of this study, the null hypothesis, which stated that a newly designed multi-purpose, self-etching adhesive would not result in improved bond strength between resin composite and the all adherends tested, was rejected.
On the clinical application of P-M-SS-D and
